Lee HW, Osis G, Handlogten ME, Guo H, Verlander JW, Weiner ID. Effect of dietary protein restriction on renal ammonia metabolism. Am J Physiol Renal Physiol 308: F1463-F1473, 2015. First published April 25, 2015 doi:10.1152/ajprenal.00077.2015.-Dietary protein restriction has multiple benefits in kidney disease. Because protein intake is a major determinant of endogenous acid production, it is important that net acid excretion change in parallel during protein restriction. Ammonia is the primary component of net acid excretion, and inappropriate ammonia excretion can lead to negative nitrogen balance. Accordingly, we examined ammonia excretion in response to protein restriction and then we determined the molecular mechanism of the changes observed. Wild-type C57Bl/6 mice fed a 20% protein diet and then changed to 6% protein developed an 85% reduction in ammonia excretion within 2 days, which persisted during a 10-day study. The expression of multiple proteins involved in renal ammonia metabolism was altered, including the ammonia-generating enzymes phosphate-dependent glutaminase (PDG) and phosphoenolpyruvate carboxykinase (PEPCK) and the ammonia-metabolizing enzyme glutamine synthetase. Rhbg, an ammonia transporter, increased in expression in the inner stripe of outer medullary collecting duct intercalated cell (OMCDis-IC). However, collecting duct-specific Rhbg deletion did not alter the response to protein restriction. Rhcg deletion did not alter ammonia excretion in response to dietary protein restriction. These results indicate 1) dietary protein restriction decreases renal ammonia excretion through coordinated regulation of multiple components of ammonia metabolism; 2) increased Rhbg expression in the OMCDis-IC may indicate a biological role in addition to ammonia transport; and 3) Rhcg expression is not necessary to decrease ammonia excretion during dietary protein restriction. proximal tubule; protein restriction; collecting duct; ammonia; acid base RENAL AMMONIA METABOLISM has an important role in both acid-base homeostasis and nitrogen metabolism (58, 60, 61).
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It is the primary component of basal net acid excretion, and changes in ammonia excretion are a primary component of changes in acid excretion in response to a wide variety of acid-base disorders. In addition, because ammonia excretion necessarily involves nitrogen excretion, changes in ammonia excretion contribute to nitrogen balance (57) .
Dietary protein restriction is commonly used in the management of patients with chronic kidney disease because of beneficial changes in glomerular hemodynamics and subsequent changes in the rate of progression of loss of renal function (13, 38, 41, 45) . Because protein metabolism is the primary determinant of endogenous acid production, dietary protein restriction also results in decreased endogenous acid loads (14, 48) . To maintain acid-base homeostasis and to maintain nitrogen balance, dietary protein restriction demands an associated decrease in net acid and ammonia excretion.
The purpose of the current study was to determine the effect of dietary protein restriction on renal ammonia metabolism. We studied wild-type C57Bl/6 mice placed on isocaloric diets containing normal protein and with a 70% reduction in protein content. The reduced protein diet induced a rapid and substantial decrease in renal ammonia excretion. To determine the mechanism of this decrease in ammonia excretion, we examined changes in the expression of proteins involved in intrarenal ammonia metabolism and transport. Because dietary protein restriction resulted in a paradoxical increase in the expression of the ammonia transport protein Rh B glycoprotein (Rhbg) in the outer medullary collecting duct (OMCD) intercalated cell, we also examined the effect of collecting ductspecific Rhbg deletion. Finally, because the related ammoniatransporting protein Rh C glycoprotein (Rhcg) has a central role in renal ammonia transport (58, 59, 61, 62) , we determined whether Rhcg deletion would alter ammonia excretion in mice with dietary protein restriction.
METHODS

Animals.
Wild-type C57Bl/6 mice were obtained from Harlan Sprague-Dawley (Indianapolis, IL). Mice with kidney collecting ductspecific deletion of Rhbg (CD-Rhbg-KO) were generated using CreloxP techniques. Briefly, we bred mice with floxed Rhbg alleles and expressing Cre-recombinase under control of the Ksp-cadherin promoter (Ksp-Cre) with mice homozygous for floxed Rhbg alleles but not expressing Ksp-Cre, as described previously (4, 5, 30, 34 -37) . Global Rhcg knockout mice were generated by breeding female Rhcg floxed mice with floxed Rhcg male mice expressing Cre-recombinase under control of the H ϩ -ATPase B1 subunit promoter (B1-Cre). Mice in which Cre-recombinase expression in sperm resulted in heterozygous germline Rhcg gene recombination were crossbred until mice with homozygous Rhcg gene recombination were identified. These mice in which the B1-Cre transgene was not present were then used as global Rhcg knockout mice. We genotyped all mice used in these studies using tail-clip samples, as we have described previously (4, 5, 30, 34 -37) . Animal breeding was performed in the University of Florida College of Medicine Cancer and Genetics Transgenic Animal Core Facility by trained personnel. All animal studies were approved by the University of Florida College of Medicine and the North Florida/South Georgia Veterans Health System Institutional Animal Care and Use Committee.
Antibodies. Affinity-purified antibodies to Rhbg and Rhcg generated in our laboratory have been characterized previously (5, 30, 34, 40, 53, 56) . Norman Curthoys (Colorado State University) graciously provided antibodies to phosphate-dependent glutaminase (PDG), Fiona Karet (Cambridge Institute for Medical Research, Cambridge, England) graciously supplied antibodies to the a4 subunit of H ϩ -ATPase, and H. Moo Kwon (Ulsan National Institute of Science and Technology, Ulsan, South Korea) graciously provided antibodies to NKCC2. Antibodies to phosphoenolpyruvate carboxykinase (PEPCK) were obtained from Cayman Chemical (Ann Arbor, MI), antibodies to glutamine synthetase (GS) were obtained from Chemicon (Temecula, CA), and antibodies to NHE3 were obtained from StressMarq Biosciences (Victoria, BC, Canada).
Protein diet. Powdered, semisynthetic diets with either normal (20%) or low (6%) protein content were obtained from Harland Laboratories (TD.91352 and TD.90016, respectively). Mice were allowed to acclimate to metabolic cages (Tecniplast diuresis metabolic cage; Fisher Scientific) for 3 days while being fed a normal (20% protein) diet and were then randomized to normal or low-protein diets for the next 10 days. Daily food intake was measured. At all times, animals were provided ad libitum access to water. Daily urine was collected under mineral oil, and daily urine volume and pH were recorded. Urine samples were stored at Ϫ20°C until analyzed further.
Electrolyte measurements. Urine ammonia was measured using a modification of a commercially available kit (A7553; Pointe Scientific, Canton, MI) as described previously (5, 34) . Urine pH was measured using a micro-pH electrode (ROSS semi-micro pH; Orion 8115BN; Thermo Scientific). Serum bicarbonate was measured as total CO 2 in 1-l serum samples using a commercially available kit (Sigma-Aldrich, St. Louis, MO) modified for use in 1-l samples. Plasma Na ϩ and K ϩ were measured using a flame photometer (Instrumentation Laboratory, Lexington, MA). Titratable acid was measured using standard techniques we have described previously (34) .
Tissue preparation for immunolocalization. Mice were anesthetized with inhalant isoflurane. The kidneys were preserved by in vivo cardiac perfusion with PBS (pH 7.4) followed by periodate-lysine-2% paraformaldehyde (PLP) and then cut transversely into several 2-to 3-mm-thick slices and immersed for 48 h at 4°C in the same fixative. Kidney samples from each animal were embedded in polyester wax made using polyethylene glycol 400 distearate (Polysciences, Warrington, PA) with 10% 1-hexadecanol, and 3-m-thick sections were cut and mounted on gelatin-coated glass slides.
Immunohistochemistry. Immunolocalization was accomplished using standard immunoperoxidase procedures. Briefly, sections were dewaxed in ethanol, rehydrated, and then rinsed in PBS. Endogenous peroxidase activity was blocked by incubating the sections in 3% H2O2 in distilled water for 45 min. The sections were blocked for 15 min with Serum-Free Protein Block (Dako Cytomation) and were then incubated at 4°C overnight with primary antibody. The sections were washed in PBS and incubated for 30 min with polymer-linked, peroxidase-conjugated goat anti-rabbit IgG (MACH2; Biocare Medical, Concord, CA), again washed with PBS, and then exposed to diaminobenzidine (DAB) for 5 min. The sections were washed in distilled water, dehydrated with xylene, mounted, and observed by light microscopy. Comparisons of labeling were made only between sections from the same immunohistochemistry experiment. Sections were examined on a Nikon E600 microscope equipped with DIC optics and photographed using a DXM1200F digital camera and ACT-1 software (Nikon). Color correction was performed using Adobe Photoshop CS2 software (Adobe Systems, San Jose, CA).
Double-immunolabeling procedure. Double immunolabeling was done using sequential immunoperoxidase procedures as previously described (34) . Briefly, tissue sections were labeled with the first primary antibody following the procedure described above. After the DAB reaction, sections were washed in PBS and then blocked using 3% H2O2 in methanol. The above procedure was repeated using a second primary antibody and Vector SG (Vector Laboratories, Burlingame, CA) for the peroxidase substrate, which produces a blue reaction product easily distinguished from the DAB brown reaction product. Sections were then washed with glass distilled water, dehydrated with xylene, mounted with Permount, and observed by light microscopy.
Protein preparation. Animals were anesthetized with inhalant isoflurane, and the kidneys were rinsed by in vivo cardiac perfusion with PBS (pH 7.4). The right renal vasculature was clamped, the right kidney was rapidly removed, and the cortex and outer medulla were isolated rapidly under a dissecting microscope, snap-frozen in liquid nitrogen, and stored frozen at Ϫ70°C until used. The left kidney was perfused with PLP fixative for immunohistochemistry. Tissues were homogenized in T-PER Tissue Protein Extraction Reagent (Pierce Biotechnology, Rockford, IL) using microtube pestles (USA Scientific, Ocala, FL), and protein was extracted according to the manufacturer's recommended procedures. An aliquot was obtained for protein determination using a BCA assay, and the remainder was stored frozen at Ϫ70°C until used.
Immunoblotting procedure. Five to ten micrograms of renal protein were electrophoresed on 10% PAGE ReadyGel (Bio-Rad, Hercules, CA). Gels were then transferred electrophoretically to nitrocellulose membranes, blocked with 5 g/dl nonfat dry milk in Blotto buffer (50 mM Tris, 150 mM NaCl, 5 mM Na 2EDTA, and 0.05% Tween 20, pH 7.6), and incubated at 4°C overnight with primary antibody diluted in nonfat dry milk. Loading and transfer equivalence were assessed with Ponceau S staining. After being washed, membranes were exposed to secondary antibody, goat anti-rabbit IgG (Millipore, Billerica, MA), conjugated to horseradish peroxidase at a dilution of 1:5,000. Sites of antibody-antigen reaction were visualized by using enhanced chemiluminescence (SuperSignal West Pico Substrate; Pierce) and a Kodak Image Station 440CF digital imaging system. Band density was quantified using Kodak 1D, version 5.0, software (Kodak Scientific Imaging, New Haven, CT). Band density was normalized such that mean density in the same region (cortex or outer medulla) in control tissues was 100. The absence of saturation was confirmed by examining pixel intensity distribution in all immunoblots.
Quantitative analysis of immunohistochemistry. Quantitative immunohistochemistry was performed as we have described previously (54) . Briefly, high-resolution digital micrographs were obtained of collecting duct segments in the inner stripe of the outer medulla by an observer blinded to the treatment status and genotype of the mouse. With the use of ImageJ software (version 1.34j; National Institutes of Health) and a Bamboo CTH-460 pen tablet (Wacom, Vancouver, WA), individual intercalated cells expressing Rhbg immunolabel were identified and circumscribed. Immunolabel intensity within the cell was assessed as the integrated pixel intensity, following subtraction of background intensity, within the outlined area using custom-written software executed in Microsoft Excel 2010.
Statistics. Results are presented as means Ϯ SE. Statistical analyses were performed using Student's t-test and P Ͻ 0.05 was taken as statistically significant; n refers to the numbers of animal studied.
RESULTS
Physiological parameters.
Wild-type mice were allowed to acclimate to metabolic cages for 3 days while being fed a 20% protein, semisynthetic diet and were then randomized to normal (20%) or low (6%) protein diets for the next 10 days. Mice were pair-fed such that daily food intake did not differ between the two treatment groups. Figure 1 shows that daily food intake and body weight were similar in the two treatment groups. Table 1 shows plasma electrolyte values in mice fed control and low-protein diets. Dietary protein restriction did not sig-nificantly alter serum sodium, potassium, or bicarbonate concentration.
Dietary protein restriction resulted in a rapid decrease in urinary ammonia excretion (Fig. 2) . On the first day of the low-protein diet, urinary ammonia excretion decreased by an average of 64 Ϯ 14% from the basal excretion rate, and on the second day, ammonia excretion had decreased an average of 85 Ϯ 12%. There was no further decrease in urinary ammonia excretion on days 3-10. In the animals on the control protein diet, there were no significant time-dependent changes in urinary ammonia excretion. Thus, following dietary protein restriction, there is a rapid, significant, and persistent decrease in urinary ammonia excretion.
Dietary protein restriction also resulted in slow but significant urine alkalinization (Fig. 2) . However, urine pH did not change significantly until the third day of dietary protein restriction, whereas urinary ammonia excretion changed significantly on the first day, with the maximal change on the second day. Mice fed a control protein diet had no significant changes in urine pH over 10 days. Thus urine alkalinization likely contributes to the decrease in urinary ammonia excretion in response to dietary protein restriction. The difference in the time course of urinary ammonia excretion and urinary pH suggests that changes in luminal pH are not the primary mechanism of the initial change in ammonia excretion. food intake in mice on control, 20%, and low, 6%, protein diets. There was no significant difference between the two groups on any experimental day. Bottom: body weight during the experimental period; there was no significant effect protein intake on body weight. Values are means Ϯ SE; n ϭ 12/group. induced a rapid and sustained decrease in urinary ammonia excretion; there were no significant time-dependent changes in ammonia excretion in mice fed control, 20%, protein diet. *P Ͻ 0.05 vs. 20% protein diet; n ϭ 11/group. Middle: changes in urine pH. Dietary protein restriction resulted in a slow, but gradual, alkalinization of urine pH. There were no time-dependent changes in urine pH in response to control, 20%, protein diet. Changes in urinary ammonia excretion were significant on the 1st day of dietary protein restriction, whereas change in urinary pH were not significant until the 3rd day. *P Ͻ 0.05 vs. 20% protein diet; n ϭ 11/group. Bottom: titratable acid excretion. Dietary protein restriction did not change titratable acid excretion significantly on the 1st day, but it did on the 2nd day of dietary protein restriction, and there was no further change on either day 3 or day 10. *P Ͻ 0.05 vs. Pre; n ϭ 5/group.
Another component of net acid excretion is titratable acid excretion. In control animals continued on 20% protein diet, there were no time-dependent changes in titratable acid excretion. In mice given the 6% protein diet, titratable excretion did not change significantly on the first day, but it was significantly decreased starting on the second day, with no further change through day 10 (Fig. 2) . The magnitude of the change, from 57 Ϯ 10 to 30 Ϯ 5 mol/day, was substantially smaller than the change in ammonia excretion.
Effect of dietary protein restriction on proteins involved in ammoniagenesis. Changes in urinary ammonia excretion could result from changes in ammonia production, intrarenal ammonia removal, or ammonia transport. To begin to differentiate these mechanisms, we examined the effects of dietary protein restriction on expression of proteins involved in renal ammoniagenesis. Two enzymes that play a central role in renal ammoniagenesis are PDG and PEPCK (59, 61) . PDG catalyzes the initial enzymatic step in ammonia metabolism, conversion of glutamine to glutamate with release of NH 4 ϩ , and PEPCK catalyzes the conversion of oxaloacetate to phosphoenolpyruvate, which not only releases HCO 3 Ϫ but also enhances the upstream production of ammonia (59, 61) . Dietary protein restriction induced a small, ϳ6%, but statistically significant, decrease in renal cortical PDG expression (Fig. 3) . PEPCK expression, in contrast, exhibited a significantly larger, ϳ60%, decrease in response to dietary protein restriction (Fig. 3) .
The kidney also uses intracellular ammonia to regenerate glutamine via the reaction of ammonium with glutamate, a reaction catalyzed by the enzyme glutamine synthetase (12, 54). Dietary protein restriction resulted in a substantial and significant increase in renal cortical glutamine synthetase expression (Fig. 3) .
Thus dietary protein restriction induces a significant decrease in urinary ammonia excretion. This appears to result, at least in part, from decreased ammoniagenesis via PDG and PEPCK and increased intrarenal ammonia utilization to regenerate glutamine via glutamine synthetase.
Effect of dietary protein restriction on ammonia transporters. Renal ammonia excretion involves coordinated transport of NH 3 and NH 4 ϩ by specific membrane proteins in specific renal epithelial cells (58, 61) . Understanding the regulation of renal ammonia excretion requires evaluation of the role of ion transporters expressed in the proximal tubule, thick ascending limb of the loop of Henle, and collecting duct.
In the proximal tubule, the apical sodium hydrogen exchanger NHE3 is believed generally to secrete ammonium (27, 28, 32, 58) . We observed that dietary protein restriction induced no significant change in renal cortical NHE3 expression (Fig. 4) . Regulation of NHE3 expression does not appear to contribute to the decreased renal ammonia excretion.
In the thick ascending limb of Henle, apical NKCC2 mediates ammonia reabsorption and contributes to subsequent medullary shunting (2, 3, 15, (27) (28) (29) . Dietary protein restriction did not significantly alter NKCC2 expression (Fig. 4) , suggesting that altered NKCC2 expression does not contribute to the decreased ammonia excretion.
The collecting duct secretes 60 to 80% of urinary ammonia, and the Rhesus glycoproteins Rhbg and Rhcg (21, 55) are the primary collecting duct ammonia-transporting proteins (58, 61, 62) . In previous experimental models, changes in Rhbg and/or Rhcg expression have paralleled changes in total ammonia excretion (4, 5, 23, 24, 31, 34, 39, 50, 51) . In contrast to these previous studies, dietary protein restriction, surprisingly, induced a significant increase in Rhbg expression in the outer medulla. (Fig. 5 ). Rhbg expression in the cortex and Rhcg expression in either the cortex or outer medulla were not significantly changed.
To determine whether increased outer medullary Rhbg expression reflected de novo expression in noncollecting duct cells or whether it was due to increased expression in specific collecting duct cell populations, we examined Rhbg expression using immunohistochemistry. In both control and dietary protein restriction mice, discrete basolateral Rhbg immunolabel was present in a subpopulation of collecting duct cells. Dietary protein restriction did not induce expression in cells outside of the collecting duct nor was there an evident change in subcellular distribution (Fig. 5) . Instead, there appeared to be a significant increase in immunolabel intensity in a specific subpopulation of OMCD cells. These cells had a morphologic appearance consistent with intercalated cells, the cell-type known to be the primary Rhbg-expressing cell in the OMCD (22, 46, 53) . To confirm that the Rhbg-expressing cells in the low-protein diet kidney were intercalated cells, we performed double immunolabel experiments using antibodies to Rhbg and to the a4 subunit of H ϩ -ATPase. Our results showed that the cells with strong basolateral Rhbg expression also exhibited apical H ϩ -ATPase expression, thereby identifying the cells as type A intercalated cells (Fig. 5) .
Finally, we used quantitative immunohistochemistry to confirm that dietary protein restriction increases type A intercalated cell Rhbg expression. Dietary protein restriction significantly increased Rhbg immunolabel expression in OMCD intercalated cells (Fig. 5) . Thus, although dietary protein restriction decreased urinary ammonia excretion, there was increased expression of the ammonia-transporting protein Rhbg in type A intercalated cells in the OMCD.
Role of Rhbg in the renal response to dietary protein restriction.
The finding that dietary protein restriction increased Rhbg expression in OMCD type A intercalated cells while decreasing urinary ammonia excretion is not consistent with the current paradigm that Rhbg contributes to urinary ammonia excretion. To further examine Rhbg's role in ammonia excretion in dietary protein restriction, we examined the effect of collecting duct-specific Rhbg deletion on the renal response to this experimental maneuver. In preliminary studies, we observed that mice with collecting duct-specific Rhbg deletion grew normally and exhibited normal renal anatomy (data not shown).
We then compared the effect of a low-protein diet on urinary ammonia excretion in control and CD-Rhbg-KO mice. There was no significant difference in food intake or body weight in the different genotypes (data not shown). As seen in previous experiments, dietary protein restriction decreased ammonia excretion, but there was no significant difference in ammonia excretion between the two different genotypes, either under basal conditions or after initiation of dietary protein restriction (Fig. 6) .
Dietary protein restriction caused urine pH to increase in mice with collecting duct-specific Rhbg deletion and in control, Cre negative mice. However, there was no difference in urine pH between the two genotypes either under basal conditions or after initiation of the low-protein diet (Fig. 6) .
Adaptive changes to the deletion of a protein by genetic manipulation can potentially compensate completely for its absence. However, there was no significant difference in expression of the key ammonia-metabolizing enzymes PDG, PEPCK, or glutamine synthetase (data not shown). Thus, during conditions of dietary protein restriction, adaptive changes in ammoniagenic enzyme protein expression do not appear to compensate for the absence of Rhbg.
Role of Rhcg in the response to dietary protein restriction. In previous studies, we, and others, have shown that Rhcg has a critical role in renal ammonia excretion (6, 8, 34 -36) . Thus the absence of decreased Rhcg expression is unpredicted. Moreover, because Rhcg can be regulated by mechanisms other than steady-state protein expression (51), we were concerned that the lack of change in steady-state Rhcg protein in response to dietary protein restriction might not indicate that Rhcg has no role in the response to the stimulus. To examine this possibility, we examined mice with global Rhcg deletion.
First, we examined changes in urinary ammonia excretion. On a basal, 20%, protein diet, there was no difference in ammonia excretion between mice with intact or with global Rhcg deletion. After initiation of a 6% protein diet, urinary ammonia excretion decreased in both genotypes, and there was no significant difference in urinary ammonia excretion response in mice with global Rhcg deletion (Fig. 7) . Dietary protein restriction also increased urine pH, and global Rhcg deletion significantly enhanced this response (Fig. 7) . Food intake did not differ between wild-type and Rhcg deletion mice, either during 20 or 6% protein diets. Titratable acid excretion did not differ between wild-type and Rhcg deletion mice on 20% protein diet, but, consistent with the urine pH changes, on day 2 and 10 of dietary protein restriction it was slightly less in mice with Rhcg deletion than in mice with intact Rhcg expression (data not shown). Top: effects of 6% (low-protein) and 20% (normal protein) diet on expression of the proximal tubule apical Na ϩ /H ϩ exchanger NHE3. NHE3 is believed to be the major mechanism of proximal tubule ammonium secretion. There was no significant change in NHE3 expression in response to low-protein diet. Bottom: effects of dietary protein restriction on expression of NKCC2, the primary protein responsible for luminal ammonium reabsorption by the thick ascending limb. There was no significant change in NKCC2 expression in response to low-protein diet. Values are means Ϯ SE; n ϭ 12/group.
As discussed previously, adaptive changes to the genetic deletion of a protein can sometimes mask its role in a physiologic response. Thus we examined whether there were adaptive responses to Rhcg deletion. In mice with intact Rhcg expression, dietary protein restriction had only a very minimal, ϳ6% decrease, effect on PDG expression. In contrast, in Rhcg KO mice, dietary protein restriction decreased PDG expression by ϳ30% to a level not different than observed in mice with intact Rhcg expression (Fig. 8) . Thus, adaptive changes in PDG expression compensate for the absence of Rhcg during normal dietary protein intake, but are not necessary during dietary protein restriction.
Rhcg deletion increased PEPCK expression and decreased glutamine synthetase expression in mice while on normal protein diet. Following induction of dietary protein restriction, PEPCK expression decreased and glutamine synthetase expression increased in both WT and Rhcg deletion mice (P Ͻ 0.05 for each), and the relative changes did not differ between the two genotypes (P Ͼ 0.05; Fig. 8 ). Thus PEPCK and glutamine synthetase, similar to PDG, exhibit adaptive changes in expression in response to Rhcg deletion while on 20% protein diet but not during dietary protein restriction with a 6% protein diet.
DISCUSSION
The current studies provide a detailed evaluation of the effects of dietary protein restriction on renal ammonia metabolism and excretion. Dietary protein restriction results in a substantial decrease in ammonia excretion, with maximal response present on the second day. The decrease in ammonia excretion involves coordinated changes in multiple aspects of renal ammonia metabolism. Multiple components of ammoniagenesis, including PDG, PEPCK, and glutamine synthetase, exhibited altered expression consistent with decreased net ammoniagenesis. Urine pH increases, decreasing protonation of NH 3 , the ammonia molecular species secreted by the collecting duct, and thereby decreasing the gradient for collecting duct NH 3 secretion. Rhbg expression increases paradoxically and is not necessary for the difference in ammonia excretion between mice fed 6 and 20% protein as determined from studies examining the effect of collecting duct-specific Rhbg deletion. Rhcg expression appears to be important for the response to variations in dietary protein as evidenced from adaptive changes in PDG in response to Rhcg deletion. Finally, the altered ammonia metabolism does not appear to involve changes in expression of key proteins involved in proximal tubule and thick ascending limb ammonia transport, NHE3 and NKCC2.
Dietary protein restriction is commonly used in the management of patients with chronic kidney disease to try to slow the progressive loss of renal function and to minimize the symptoms of azotemia (1, 17, 20, 49) . Dietary protein restriction decreases glomerular hydrodynamic pressures, and this mechanism is believed to account in large part for the beneficial effects on progressive chronic kidney disease (26, 44, 45) . In addition, in view of evidence that metabolic acidosis can worsen progressive renal injury (10, 19) , dietary protein restriction may also have beneficial effects related to reductions in endogenous acid production and subsequent decrease in ammonia metabolism, as demonstrated in the current study. Conditions associated with increased ammonia metabolism, such as metabolic acidosis and hypokalemia, are also associated with progressive chronic kidney disease (10, 19, 47, 52) , and ammonia may contribute to this progression via ammoniamediated complement activation (11, 43) . The current study adds to this information by showing that dietary protein restriction results in rapid and substantial decreases in renal ammonia metabolism and excretion and thus we speculate that decreased renal ammonia metabolism may contribute to the beneficial effects of a low-protein diet in patients with chronic kidney disease.
The time course of changes in renal ammonia excretion in response to dietary protein restriction appears to be more rapid than the response to either metabolic acidosis or hypokalemia. In these other conditions, which are associated with increased ammonia excretion, maximal changes in ammonia metabolism are not identified until 4 -5 days after initiation of the stimulus (4, 34 -37) . In contrast, dietary protein restriction induced the 6 . Effect of collecting duct-specific Rhbg deletion on response to dietary protein restriction. Top: urinary ammonia response. Dietary protein restriction induced a rapid decrease in urinary ammonia in mice with collecting ductspecific Rhbg deletion and in control, Cre-negative littermates. There was no significant difference in urinary ammonia excretion between control, Crenegative littermates and mice with collecting duct-specific Rhbg deletion, either under basal conditions or following initiation of 6% protein diet. Bottom: urinary pH changes. There was no significant difference in urinary pH in the different genotypes, either under basal conditions or following initiation of dietary protein restriction. *P Ͻ 0.05, 20 vs. 6% protein diet in Cre negative mice; #P Ͻ 0.05, 20 vs. 6% protein diet in CD-Rhbg-knockout (KO) mice; n ϭ 4/group on 20% protein and 6% protein diet on Cre-negative littermates and n ϭ 6/group on 20% protein, n ϭ 7/group on 6% protein diet on CD-Rhbg-KO mice. maximal change in ammonia excretion after only 2 days. This difference may result because increased ammonia excretion requires synthesis of multiple proteins involved in ammonia production and transport, whereas decreased ammonia excretion response to protein restriction primarily requires decreased expression or activity, and protein "removal" or inactivation may occur more rapidly than new protein synthesis. In addition, because the increased ammoniagenesis in metabolic aci- dosis and hypokalemia requires increased skeletal muscle glutamine release, delays in activation of skeletal muscle breakdown may contribute to the delayed increase in ammonia excretion. Decreased renal ammonia excretion in response to dietary protein restriction involves multiple components of renal ammonia generation. PDG, a mitochondrial protein that catalyzes the initial enzymatic step in ammoniagenesis, exhibits decreased expression with protein restriction, as does PEPCK, a cytoplasmic enzyme. Quantitatively, the decrease in PEPCK expression is greater than the decrease in PDG expression. However, it is important to recognize that decreased PEPCKmediated glutamate metabolism is known to cause feedback inhibition of PDG (18, 33) . Thus dietary protein restriction appears to inhibit multiple aspects of ammonia generation.
The renal response to dietary protein restriction may also involve increased intrarenal glutamine regeneration. The protein glutamine synthetase catalyzes the reaction of ammonium (NH 4 ϩ ) with glutamate to regenerate glutamine (54) . Dietary protein restriction increases glutamine synthetase expression, which likely increases glutamine regeneration, increases ammonium utilization, and decreases net ammoniagenesis. Physiologically, the increased glutamine regeneration via glutamine synthetase serves as a nitrogen-sparing benefit. Moreover, regulated glutamine synthetase expression may be a common component of the regulation of renal ammonia metabolism, with changes occurring in response to protein restriction (current study), metabolic acidosis, and hypokalemia (5, 12, 34, 37, 54) .
Somewhere between 60 and 80% of total urinary ammonia is secreted into the luminal fluid in the collecting duct (21, 55) , and the Rhesus glycoprotein Rhcg has a critical role in this process. In the current study, adaptive changes in PDG, PEPCK, and glutamine synthetase expression were required to maintain normal ammonia excretion in mice with global Rhcg deletion while on 20% protein diet. However, during dietary protein restriction with a 6% protein diet, ammonia excretion was not altered by Rhcg deletion and these adaptive changes were not present. Thus Rhcg expression appears to contribute to ammonia excretion while on normal protein diet (current study) and a high-protein diet (7), but neither its expression nor changes in its expression appear to be necessary for the adaptive changes in ammonia excretion during dietary protein restriction. Thus Rhcg expression appears necessary for normal ammonia excretion during basal conditions (current study, 6, 34), metabolic acidosis (6, 34, 35) , hypokalemia (36) , and high-protein intake (7), conditions of increased ammonia excretion, but not during dietary protein restriction (current study) where ammonia excretion is decreased. Changes in urine pH in response to dietary protein restriction were greater in mice with Rhcg deletion than in those with intact Rhcg expression; the mechanism of this difference is not clear at this time.
Rhbg is another Rhesus glycoprotein involved in collecting duct ammonia transport. Although an initial report found no effect of Rhbg deletion on either basal or acidosis-stimulated ammonia excretion (9) , other studies clearly demonstrate a role for Rhbg in ammonia excretion. Under baseline conditions, intercalated cell-specific Rhbg deletion resulted in adaptive changes in glutamine synthetase expression that appeared to have compensated for the lack of Rhbg, indicating a role for Rhbg in baseline ammonia excretion (5) . Studies examining metabolic acidosis, using a different model that resulted in a greater stimulation of ammonia excretion than in the earlier study, found that Rhbg deletion impaired acidosis-stimulated ammonia excretion (5) . Rhbg deletion also impaired the hypokalemia-induced stimulation of ammonia excretion, and the effect of Rhbg deletion was greater than the effect of Rhcg deletion (4, 36) . Thus Rhbg appears to have an important role not only in basal ammonia metabolism but also in response to both metabolic acidosis and hypokalemia.
Unexpectedly, dietary protein restriction resulted in increased Rhbg expression in the outer medulla in type A intercalated cells despite the decrease in urinary ammonia excretion. This increased expression is not necessary for normal ammonia metabolism, as shown by the absence of an effect of collecting duct-specific Rhbg deletion. These observations suggest that increased Rhbg expression is not likely to be contributing to the decrease in ammonia excretion. Rhbg has also been suggested to function as a CO 2 transporter (16, 42) , but because intercalated cell CO 2 transport is necessary for intracellular H ϩ generation used for urinary acidification, and dietary protein restriction causes urine alkalinization, this function is unlikely to underlie its increased expression during dietary protein restriction. Importantly, collecting duct Rhbg expression does not appear to be necessary for the changes in renal ammonia excretion in response to dietary protein restriction.
Changes in urine ammonia excretion in response to dietary protein restriction, ϳ85% decrease, substantially exceeded the change in expression of any the proteins discussed above. This suggests that changes in expression of a single one of these proteins are not solely responsible for the overall change in ammonia metabolism and instead that an integrated interaction of multiple components of renal ammonia metabolism explains this dramatic difference in ammonia excretion. Moreover, the finding of decreased expression of proteins involved in ammonia production, i.e., PDG and PEPCK, and increased expression of a protein involved in ammonia utilization for glutamine regeneration, glutamine synthetase, suggests that there exists synergistic regulation of these separate components of net ammoniagenesis.
Titratable acid excretion decreased in response to dietary protein restriction. However, the magnitude of change in titratable acid excretion was less than the change in ammonia excretion, and the time course was slower. This quantitatively lesser role for changes in titratable excretion than changes in ammonia excretion is consistent with previous findings in both metabolic acidosis and hypokalemia (4, 34) . Titratable acid excretion decreased slightly more in mice with global Rhcg deletion than in those with intact Rhcg expression. This finding is consistent with the slightly higher urine pH in these mice.
In summary, the current studies demonstrate significant new findings with regards to ammonia metabolism in response to dietary protein restriction. There is a substantial and rapid decrease in urinary ammonia excretion, and the time course of this decrease is faster than that observed with conditions that increase ammonia metabolism. Dietary protein restriction induces adaptive responses in multiple proteins involved both in renal ammoniagenesis and in renal ammonia utilization to regenerate glutamine. Rhcg appears to play a role in the response to normal dietary protein intake but not during dietary protein restriction. Rhbg expression increases in type A intercalated cells in the inner stripe of the OMCD, but Rhbg expression is not necessary for the adaptive response to dietary protein restriction, suggesting that the increased Rhbg expression may have physiologic roles in addition to its role in ammonia transport.
